The adherence of Streptococcusfaecium 9790 to hydroxyapatite (HA) coated with whole saliva supernatant proteins (S-HA) or parotid fluid proteins was studied. The organism was labeled with [3H]thymidine, and adherence was estimated as the radioactivity remaining associated with the variously coated HA preparations after incubation and removal of unbound microbes by washing the adherence substratum. Adherence was time dependent and saturable, characteristics typical of oral streptococci in this in vitro adherence model system. However, adherence to S-HA, but not bare HA, was decreased 20-fold at 4°C compared with room temperature. Furthermore, adherence at 4°C to S-HA was decreased 20-fold relative to bare HA at 4°C. Adherence to HA coated with parotid fluid proteins also was reduced at 4°C. The magnitude of the temperature dependence and the inhibitory effect at 4°C of whole saliva or parotid fluid pellicles on HA was unexpected. Of several sugars and amino sugars tested, the chitin saccharides, chitotriose, chitobiose, and N-acetylglucosamine caused >90% inhibition of adherence to S-HA. These same saccharides were previously shown to inhibit lysozyme, polylysine, or autolytic lysis of the organism (N. J. Laible and G. R. Germaine, Infect. Immun. 48:720-728, 1985). Examination of unbound and adherent microbes revealed that lysis of the organism occurred during the adherence assays. A strong association (r = 0.83) between the extent of lysis and the extent of adherence was found under a variety of conditions. Depletion of lysozyme from saliva specimens used to coat HA resulted in a >90% decrease in both cell lysis and adherence. Lysis of the microbe appeared dependent upon the presence of the saliva pellicle (coating) on HA, since solutions containing proteins desorbed from HA during mock-adherence incubations possessed lytic activity that was 2-to 10-fold too low to account for the extents of lysis observed with 108 input cells. These results demonstrate the potential antibacterial activity of acquired salivary pellicle on enamel in vivo and the likely role of lysozyme in this activity. The data also serve to caution that this widely used in vitro adherence model will not distinguish whole-cell adherence from the adsorption of radiolabeled DNA released from lysing cells. Several additional controls are suggested that will indicate whether test microbes remain intact or lyse during adherence trials.
The human oral cavity harbors numerous species of microorganism (12, 23) . Most oral microbes exhibit some preference for site of colonization within the mouth (6, 8, 9, 18, 31) . For example, Streptococcus salivarius and Streptococcus mutans principally colonize the dorsal surface of the tongue and dental plaque, respectively. Site preferences for colonization, sizes of populations of individual microbes, and, indeed, the determination of resident versus transient status of particular microbes depend on an array of intraoral factors of host, bacterial, and, perhaps, dietary origin (12, 22) .
Site preferences of colonization have been related in a general way to the ability of bacteria to adhere to oral surfaces (9) . Bacteria that show preference for colonization of enamel also tend to adhere well to enamel in vivo or to its in vitro analog, saliva-coated hydroxyapatite (S-HA). Thus, the adhesion of a microbe to a surface is the first step toward successful colonization of that locale. Subsequent survival and growth of adherent microbes is essential for oral colonization. Microbes must cope with both immune and nonimmune antibacterial salivary factors and compete successfully with other local microbes to become established members of the oral flora (9, 12, 22) . No attention has been given using * Corresponding author. the in vitro S-HA model to survival of microbes after the adherence step. As part of our studies on the effect of lysozyme on survival and adherence phenomena of oral bacteria (15, 16, 30) , we initiated a series of investigations to develop a means to assess the likelihood of survival of microbes adherent to variously coated hydroxyapatite (HA) preparations. The major focus of these experiments was to determine the role that lysozyme in salivary coatings of HA (i.e., salivary pellicle) might have on the likelihood of survival of adherent microbes. It is conceivable that salivary pellicle constitutes a potent bactericidal environment for some microbes, especially microbes that have apparently frequent and continuous opportunities for plaque colonization but either fail to colonize or, when they do, rarely become numerically prominent. For example, S. salivarius is a prominent oral microbe but is rarely found in plaque in significant numbers (9, 31) . The enterococci are prominent members of the gut flora (4) yet rarely achieve significant numbers in the oral cavity (8, 11) . Similar failures to achieve significant numbers in the oral cavity despite frequent exposure are characteristic of staphylococci, Bacillus spp., enteric bacteria, and situ or are killed outright, perhaps owing to salivary antibacterial factors in plaque or to bacterial antagonisms. A similar argument could be made concerning poor or failed colonization by enterococci, staphylococci, bacilli, enterics, and other prominent environmental microbes.
We began studies of postadherence phenomena with Streptococcus faecium 9790, a well-known lysozyme-sensitive enterococcus (16) . We reasoned that this microbe would yield early indications of whether pellicle and, more specifically, lysozyme in pellicle were bactericidal. We report here that acquired salivary pellicle and pellicle lysozyme are antibacterial. We Saliva. Whole saliva (no exogenous stimulation) was collected from healthy adult donors (3 to 5 ml per donor), pooled, and clarified by centrifugation (12, 000 x g for 10 min at 4°C). Whole saliva supernatant (WSS) was stored on ice until needed. Parotid fluid was collected with a cup that was positioned over the parotid duct. Flow was stimulated by having the donor suck a sour lemon drop. Parotid fluid was centrifuged, and the supernatant solution was dialyzed (Spectrapor membrane tubing, 1,000 nominal cutoff; Spectrum Medical Industries, Inc., Los Angeles, Calif.) overnight against 400 volumes of distilled water at 4°C and then concentrated by lyophilization. WSS was depleted of lysozyme lytic activity as described previously (5) . Briefly, ice-cold WSS was adsorbed with Micrococcus luteus cells for 10 min at 4°C, and the organism was removed by centrifugation. This procedure removes more than 90 to 95% of the lytic activity with little or no effect on lactoperoxidase, lactoferrin, or immunoglobulin A. Up to 10% of total protein may be lost by the adsorption procedure. Protein in WSS and parotid fluid was estimated as previously described (5) .
Bacterial adherence. The techniques we used for the preparation of protein-coated HA and the estimation of bacterial adherence are based on previously described methods (1, 3) . All incubations described below were performed, at least in duplicate, in 1.5-ml polypropylene Microfuge (Beckman Instruments, Inc., Fullerton, Calif.) tubes with continuous mixing by inversion on a Roto-Torque (ColeParmer Instrument Co., Chicago, Ill.). Adherence mixtures were incubated at room temperature or at 4°C. Spheroidal HA beads (Gallard-Schessinger, Carle Place, N.Y.) at a concentration of 40 mg/ml were equilibrated for 2 h in 1 mM PB (pH 7.0). HA beads were then allowed to settle for 30 to 60 s, and the supernatant solution was removed by aspiration. HA (40 mg) was then coated at room temperature with the desired proteins by incubation with 1 ml of the following solutions: (i) 10 mM PB (for preparation of bare HA), (ii) WSS, (iii) WSS depleted of lysozyme, or (iv) parotid fluid proteins reconstituted in 10 mM PB to -1.5 mg of protein per ml. Coated HA beads were washed three times with an equal volume of 10 mM PB and then transferred to a new Microfuge tube with 500 ,ul of 10 mM PB. HA beads and bacteria were then preequilibrated to the appropriate temperature. When sugars were included in adherence mixtures, bacteria and sugars were preincubated 5 to 10 min before they were added to the adherence substrata. Sugars tested included chitotriose (CT) (N,N',N"'-triacetylchitotriose, -99%o; Sigma Chemical Co., St. Louis, Mo.), chitobiose (CB) (N,N'-diacetylchitobiose; Calbiochem-Behring, LaJolla, Calif.), N-acetyl-D-glucosamine (GlcNAc) (crystalline; Sigma), N-acetyl-D-galactosamine (crystalline; Sigma), Nacetylneuraminic acid (NANA) (crystalline; Sigma), Nacetylmuramic acid, (MurNAc) (crystalline; Sigma), Dgalactose (crystalline; Sigma), and D-mannose (crystalline; Sigma). Radiolabeled bacteria were then added to the beads (see individual experiments for input cell concentrations) to give a total volume of 1 ml. Adherence was allowed to proceed for at least 60 min (see individual experiments) at the desired temperature with constant mixing. HA beads were then washed with 10 mM PB at the appropriate temperature and transferred to scintillation fluid (Aquasol 2; New England Nuclear Corp., Boston, Mass.). Samples were assayed for radioactivity with a Beckman LS-230 scintillation counter. The procedure for estimation of the quantity of protein adsorbed to HA beads was described previously (30) .
Bacteriolysis. The degree of lysis of the unbound [3H]thymidine-labeled microbes from adherence incubation mixtures was estimated as follows. The unbound bacteria were recovered from the adherence mixtures once the HA beads had settled in the bottom of the Microfuge tube. The recovered suspension of unbound microbes was divided into 400-,ul quantities and placed into two Microfuge tubes. One tube received 20 pul of 4 N NaCl, and the other tube received 20 pl of water. After 10 min of incubation at room temperature with constant mixing, a 100-,lI sample was removed to determine total radioactivity. The remaining suspension was then centrifuged for 5 min at 4°C in a Beckman Microfuge B, and the radioactivity in the supernatant solution was determined. The proportion of radioactivity that did not sediment (i.e., it remained in the supernatant solution after centrifugation) was taken as an estimate of the extent of lysis of the unbound microbes. The effect of the presence of NaCl on the extent of lysis is discussed below. Assessment of lysis of bacteria bound to variously coated HA preparations required the elution of bound radioactivity from the adherence substrata. Elution was accomplished by incubation of the HA beads for 10 min with 500 mM potassium phosphate (pH 7.0) containing 200 mM NaCl (30) . In all cases, more than 95% elution of radioactivity was achieved. Eluates were then sampled for radioactivity, and 200 to 750 ,ul was passed through membrane filters (0.45-pum pore size). The filters were washed three to four times with 1 ml each of 10 mM potassium phosphate (pH 7.0) containing 200 mM NaCl. Radioactivity remaining on the filters was taken as cell VOL. 54, 1986 on December 21, 2017 by guest 
RESULTS
Adherence characteristics. Few investigations of the adherence properties of the enterococci are available (24, 25) . Therefore, we began with some fundamental examinations of the adherence of S. faecium 9790 to S-HA. Initial observations demonstrated that adherence to S-HA was saturable and completed by 40 to 60 min ( Fig. 1) . A comparison of adherence to S-HA and bare HA at 4°C and room temperature revealed that (i) temperature had no significant effect on adherence to bare HA, (ii) the adherence of the organism to S-HA was 300-fold higher at room temperature than at 4°C, (iii) at 4°C adherence was 20-fld greater to bare HA than to S-HA, and (iv) at room temperature adherence to S-HA was -20-fold greater than adherence to HA (Table 1 ). In six experiments with 4 x 107 to 20 x 107 input cells, the ratio of adherence (± the standard deviation), S-HA/HA, at room temperature was 41 ± 23. Adherence of the organism to HA coated with parotid fluid proteins (PF-HA) was also studied. The amount of parotid fluid protein adsorbed to HA (-100 ,ug bound per 40 mg of HA with 1.3 to 1.4 mg of added protein) ( Table 2 ) is similar to that achieved with WSS (30) . We also reported earlier that about 20% of WSS pellicle protein desorbed from S-HA over the 60-min course of an adherence incubation (30) . Similar desorption of parotid protein from PF-HA over 60 min was noted in the present study ( Table 2 ). The time course of adherence to PF-HA was much slower than that with S-HA (Fig. 2) . Maximal adherence required over 2 h at either 4°C or room temperature. As for S-HA, adherence to PF-HA was greater at room temperature than at 4°C. Adherence to PF-HA at room temperature was saturable (-109 added cells per 40 mg of HA), whereas saturation at 4°C was not attained even at a cell input of 1010/40 mg of HA (Fig. 3 ). Note also that adherence measured at 60 to 90 min at 4°C was identical to that at 60 min at room temperature. This latter result is consistent with the time course shown in Fig. 2 .
We next examined the effect of a collection of sugars on the adherence of the organism to S-HA (Table 3) . We observed that GlcNAc, CB, CT, MurNAc, and NANA were inhibitory. Other studies (data not shown) suggested that the inhibitory action of NANA was most likely due to aggregation of the organism. A more detailed comparison of the inhibitory effects of CT, CB, and GlcNAc is shown in Fig. 4 . A 90% inhibition of adherence to S-HA required 3.6, 11.2, and 79.4 mM CT, CB, and GlcNAc, respectively. We also observed that CT had little effect on adherence of the organisms at 4°C and that CT only reduced the number of adherent organisms (at room temperature) to the level of adherence obtained at 4°C (Fig. 5) .
Hypothesis. The above results, although somewhat confusing, are consistent with the notion that adherence of S. (16) . We were, therefore, suspicious that adherence inhibition by these substances might be related to their lysis-inhibiting properties. The order of inhibitory potency (CT > CB > GlcNAc) in adherence experiments in the present study is the same as for lysis inhibition reported earlier (16) . We speculated that lysis of the organism may account for the additional adherence seen at room temperature over that at 4°C. This apparent increased microbe adherence could, in fact, be due to binding of radioactive DNA released from the microbes during the adherence assay. We therefore set out to obtain evidence for or against the hypothesis that increases in adherence at room temperature (compared with that at 4°C) were due to lytic phenomena.
Adherence and lysis. A comparison of the effects of selected sugars on adherence of the organism to S-HA with the physical integrity of unbound organisms recovered from adherence reaction mixtures is shown in Table 4 . Unbound microbes were recovered and assayed for lysis in the absence or presence of 200 mM NaCl by the centrifugation method given in Materials and Methods. In the absence of salt, the assay estimated lysed organisms. Salt was used to encourage the lysis of structurally damaged but not completely lysed organisms (i.e., [3H]DNA not released into a soluble, nonsedimental form). Note that poor adherence was always related to little (<1 to 3%) lysis (Table 4) . Conversely, extensive lysis was associated with enhanced adherence. Note also that MurNAc, which was shown earlier to inhibit adherence (Table 3) , also was inhibitory here and prevented lysis of the organism as well (Table 4) . We then examined adherence to (i) bare HA, (ii) S-HA, and (iii) S-HA in which the WSS was depleted of 96% of its lysozyme activity (designated depleted S-HA) by M. luteus adsorption (5) . Input cell concentrations were varied over a wide range as well. The results clearly demonstrate that adherence to depleted S-HA was reduced -100-fold compared with S-HA and -10-fold compared with bare HA (Fig. 6 ). These data are consistent with our earlier notion that pellicle inhibited adherence of the organism at 4°C. In the present case, removal of lysozyme resulted in decreased adherence at room temperature. An examination of the status of the unadsorbed microbes in the experiment of Fig. 6 clearly demonstrated ( Table 5 ) that lysis was absent with depleted S-HA and was, in fact, lower than with bare HA. Note that with S-HA and low cell numbers, lysis was only observed in the presence of salt. At 5 x 108 input cells, comparable lysis 100 (Fig. 7) . In the analysis, the number of lysed cells in the supernatant solution of adherence mixtures was plotted against the number of bound bacteria (Fig. 7) .
Role of peilicle. We next attempted to determine whether the damage and lysis of unbound cells were associated with either the 10 to 20% of pellicle protein that was desorbed from S-HA over a 60-min adherence incubation (30; Table 5 ) or the pellicle itself. Three approaches were used. First, supernatant solutions of mock adherence mixtures (no bacteria present) containing variously coated HA preparations were recovered (referred to as eluates) and used in actual adherence assays in combination with variously coated HA preparations ( Table 6 ). The influence of such eluates was compared with the effects of the various pellicles on adherence and lysis of the organism. The idea in this experiment was to determine whether damage and lysis of unbound microbes were associated with either the source of eluate (containing desorbed pellicle proteins) obtained from mock adherence mixtures or the type of pellicle present during actual adherence assays. The results (Table 6 ) strongly favor the pellicle rather than desorbed proteins as responsible for damage to unbound cells. This is especially evident from an examination of the adherence and lysis data associated with the combination of eluate from depleted S-HA with either unaltered or depleted saliva pellicles. Second, we compared the percentage of lysis of the organism achieved in serial dilutions of WSS with that of lysis obtained in an actual adherence assay to S-HA prepared with the same dilution series of the same WSS pool. The lysis data were then graphed against the quantity of protein present either in the WSS dilution or on S-HA as a pellicle. The results (Fig. 8) clearly show that the quantity of pellicle protein required to cause a given degree of lysis was similar to that required in a simple mixture of microbe and WSS. In this experiment, 108 input cells were used. The data suggest that maximum lysis (95%) required -100 ,ug of protein (i.e., about 10 (Table 8 ). In each case (whole cells and soluble-and whole-cell lysates), similar levels of radioactivity from an equivalent number of cells or cell-derived lysate were incubated with the HA preparations (Table 8 ). Adherence of whole cells was stimulated (relative to HA) by the bacteriolytic pellicles, hen egg white lysozyme-coated HA (HEWL-HA), and S-HA. Adherence to S-HA in the presence of the lysis inhibitor GlcNAc was reduced -10-fold compared with adherence to S-HA alone. Binding of [3H]DNA radioactivity exhibited a very different behavior. Only slightly increased binding to HEWL-HA was noted, and essentially no difference between HA and S-HA was observed. Note that GlcNAc inhibited adherence of whole cells to S-HA (presumably due to lysis inhibition), whereas it had no effect on [3H]DNA binding, as expected. Thus, released [3H]DNA bound to WSS-coated HA in sufficient amounts to account for the extents of apparent adherence to S-HA in whole-cell adherence assays when the possibility of lysis of the test microbe was present.
DISCUSSION
The fundamental characteristics of the apparent adherence of S. faecium 9790 to S-HA appeared to be typical of that reported for strains of oral streptococci. Salivary pellicle was observed to stimulate S. faecium adherence severalfold. This observation is similar to data reported for several strains of oral streptococci (1, 3, 13, 14, 19, 30 ). Apparent adherence of S. faecium exhibited saturation at room temperature with S-HA and PF-HA. Saturation kinetics is also a widely observed property of oral streptococci (7, 28) . Several examples of specific inhibition of streptococcal and actinomycetal adherence to S-HA by specific sugars have been published (6) and taken as evidence for specific microbe adhesin-pellicle ligand interaction. We also observed specific and potent inhibition of apparent S. faecium adherence to S-HA by CT and CB, and to a lesser extent by GlcNAc and MurNAc. Thus, S. faecium exhibited apparently bona fide behavior in adherence assays.
Examination of the effect of temperature and the details of the inhibitory action of the chitin saccharides, however, suggested that all was not what it appeared to be. The temperature studies with bare HA, S-HA, and PF-HA were particularly revealing with regard to the mechanism(s) of S. faecium adherence. Studies at 4°C showed that a WSS or parotid fluid protein pellicle inhibited adherence relative to bare HA. The enhanced adherence to S-HA at room temperature relative to 4°C was subsequently shown to be due to lysis of the microbe and adsorption of released [3H]DNA. Since lysis was inhibited at 4°C, no [3H]DNA was released and adsorption was low. One experiment is of particular interest in this context (Fig. 6) . Adherence of the organism to bare HA, S-HA, and depleted S-HA was compared at room temperature. Typically, greater adherence to S-HA than to bare HA was observed. However, adherence to depleted S-HA was reduced 95 to 99% compared with S-HA and was -10% of the adherence level observed with bare HA. When lysozyme was removed from WSS and microbe lysis was therefore inhibited, pellicle inhibited adherence of the organism relative to bare HA at room temperature. Thus, under the appropriate conditions, it was demonstrated that adherence of whole cells of the organism was inhibited by a salivary pellicle at either 4°C or room temperature. This result is in agreement with a previous study in which protein films inhibited adherence of S. faecium to a glass surface (25) . The sugar inhibition studies revealed a major clue that microbe lysis might be involved in our observations. The relative order of effectiveness and general potency of the chitin saccharides (CT, CB, and GlcNAc) were extraordinarily similar to those in our previous observation (16) of their inhibition of autolysis of S. faecium 9790. Actual lysis of the organism and its inhibition by CT was shown to dramatically affect adherence (Tables 6 and 8 and Fig. 4 and  5 ). In addition, MurNAc inhibited adherence (Table 3) and was subsequently found to inhibit lysis of the organism as well ( Table 4 ). The strong positive association between microbe adherence and the extent of lysis of unbound cells (Fig. 7) is consistent with the notion that the apparent adherence of S. faecium 9790 to S-HA is actually not due to whole-cell adherence but to adsorption of [3H]DNA released from lysing microbes. Finally, the comparison of [3H]DNA adsorption and apparent microbe adherence to S-HA (Table  8 ) demonstrated directly the similarity of the two events. We conclude, therefore, that our lysis notion stated above is reasonable and strongly supported by the data.
Adherence of the organism to S-HA prepared from lysozyme-depleted WSS was reduced >99% compared with adherence to S-HA prepared with unaltered WSS (Fig. 6 and Tables 5 and 6 ). In addition, lysis of unbound microbes seen in adherence mixtures containing S-HA was essentially eliminated when lysozyme-depleted WSS was used to prepare S-HA (Tables 5 and 6 ). The depletion procedure involves the adsorption of WSS with M. luteus at ice bath temperature (5). We showed previously (5) that, among the major antibacterial substances in saliva, lysozyme is selectively removed by this method. That is, lactoperoxidase, lactoferrin, and immunoglobulin A are not depleted. Several small cationic proteins are known to be present in the gland salivas and, to a lesser extent, in the mixed whole secretions (2, 17, 21) . It is possible, therefore, that these cationic proteins induced autolysis of the organism (16) salivary lysozyme is the principal cause of lysis in the adherence system described here. More comprehensive and quantitative studies, however, are needed to assess the role, if any, of the nonlysozyme salivary cationic proteins in the lytic phenomena reported here.
The extent of lysis of unbound cells depended on the number of input cells, the nature of the pellicle, and the presence or absence of salt. As evidenced by the data in Table 5 , an optimal ratio of the number of input cells to the S-HA existed for salt-independent lysis. The optimum level of cell input appears to be less than 5 x 108 cells per 40 mg of S-HA. At lower input cell concentrations, lysis was salt dependent. This suggests that (i) lytic cell damage occurred but actual lysis was suppressed by unknown means or (ii) that sublytic cell damage occurred. It is commonly observed that at high ratios of lysozyme to microbe, lysis is suppressed by the stabilizing effect of adsorbed cationic protein (27) . The addition of salt or detergent desorbs the lysozyme and is accompanied by immediate cell lysis. At the lower input cell concentrations, lysozyme desorption from S-HA may be sufficient to supply enough lysozyme in the fluid phase to both damage and stabilize cells to complete lysis; hence, the requirement of salt for the observation of lysis. Near the optimal input cell concentration, maximal cell damage and minimal stabilization (because of a high ratio of microbe to lysozyme) occurred. At higher cell input concentrations, too little lysozyme was available to damage the microbe and lysis was not observed regardless of the presence of salt. Note that the absolute level of adherence decreased at concentrations of input cells that exceeded the lytic capacity of the system ( Fig. 1 and 6) .
Lysis of the unbound microbes during the adherence assay could have occurred as a result of lysozyme (or other cationic protein) elution from the S-HA into the fluid phase. Data presented above (Tables 2 and 6 and Fig. 8 ) strongly suggest that any substance eluted from the S-HA into the fluid phase of the adherence mixture would be of too low a concentration to cause the extent of lysis and apparent adherence observed in experiments in which >5 x 107 input cells were used. Indeed, experiments (Table 6 and Fig. 8 Our results demonstrate that the commonly used adherence assay is not without potentially serious problems. One must keep in mind that the actual estimation of adherence is simply based on the determination of radioactivity (presumably associated with whole cells) bound to the adherence substratum. In the original description of this method (3), the test bacteria were examined to ensure that lysis of suspensions had not occurred. This would appear to be a required procedure in any such adherence trial to ensure the initial structural integrity of the test bacteria. Our data indicate that even though suspensions of S. faecium 9790 in adherence buffer exhibited little (<2%) lysis, extensive lysis during adherence trials with S-HA occurred. As already noted, the temperature studies and chitin saccharide data alerted us to the possibility of cell lysis. Examination of unbound microbes from adherence mixtures appears to be a valuable and simple means to determine whether microbes are lysing during adherence assays. Similarly, performing adherence assays at low temperatures will aid in determining whether lysis is a problem and also will inhibit lysis. We reported that apparent adherence to S-HA decreased markedly with >109 input cells. This phenomenon also is a signal that lysis may be occurring, and it should be followed up with additional studies if observed. Thus, the additional controls suggested here for detection of lysis during the adherence assay appear 
